An unequal contribution of male and female lineages from parental populations to admixed ones is not uncommon in the American continents, as a consequence of directional gene flow from European men into African and Hispanic Americans in the past several centuries. However, little is known about sex-biased admixture in East Asia, where substantial migrations are recorded. Tibeto-Burman (TB) populations were historically derived from ancient tribes of northwestern China and subsequently moved to the south, where they admixed with the southern natives during the past 2,600 years. They are currently extensively distributed in China and Southeast Asia. In this study, we analyze the variations of 965 Y chromosomes and 754 mtDNAs in 120 TB populations from China. By examining the haplotype group distributions of Y-chromosome and mtDNA markers and their principal components, we show that the genetic structure of the extant southern Tibeto-Burman (STB) populations were primarily formed by two parental groups: northern immigrants and native southerners. Furthermore, the admixture has a bias between male and female lineages, with a stronger influence of northern immigrants on the male lineages (∼62%) and with the southern natives contributing more extensively to the female lineages (∼56%) in the extant STBs. This is the first genetic evidence revealing sex-biased admixture in STB populations, which has genetic, historical, and anthropological implications.
Introduction
In the process of human evolution, genetically differentiated and geographically separated populations occasionally come in contact to form admixed populations. Understanding such admixture events is of great genetic, anthropological, and historical interest, since it reveals the genetic structure of such populations and might also be useful for disease mapping via admixture linkage disequilibrium (Chakraborty 1986; Chakraborty and Weiss 1988; Pritchard and Przeworski 2001; Smith et al. 2001; Ardlie et al. 2002) . Genetic approaches have been proven prudent in revealing population admixture, as exemplified by the studies in Gypsies (Gresham et al. 2001) , Turks (Di Benedetto et al. 2001) , Icelanders (Helgason et al. 2001) , Native Americans (Merriwether et al. 1997; Carvajal-Carmona et al. 2000; Mesa et al. 2000) , and African Americans (Parra et al. 1998 (Parra et al. , 2001 Bortolini et al. 1999; Sans et al. 2002) . More interesting are the observations of unequal contributions from male and female lineages of the parental populations to the admixed ones, such as Native American and African American populations, which is known as "sex-biased gene flow" or "directional mating" (Merriwether et al. 1997; Chakraborty 1998) . Haplotype frequency distributions based on paternally transmitted Y chromosomes and maternally transmitted mtDNAs have been instrumental in detecting such sex-biased admixture processes (Merriwether et al. 1997; Chakraborty 1998; Parra et al. 1998 Parra et al. , 2001 Bortolini et al. 1999; Mesa et al. 2000; Sans et al. 2002) .
Tibeto-Burman (TB) is one of the two subfamilies of the Sino-Tibetan language family. There are 351 living languages in this subfamily, whose speakers are primarily distributed in nine countries in East, South, and Southeast Asia: China, Nepal, Bhutan, northeastern India, Pakistan, Myanmar, Bangladesh, Thailand, Vietnam, and Laos (Ethnologue Web site). Currently, in China, TBspeaking populations mainly reside in Qinghai in northern China, as well as in Tibet, Sichuan, Yunnan, and Hunan in southwestern China. According to historical records, the TB populations were derived from the ancient Di-Qiang tribes, which originally lived in north-
Figure 1
Geographic locations of TB populations sampled. Population numbers are defined in table 1.
western China. In the Spring and Autumn Period (∼2,600 years before present [BP] ), the TB populations embarked on a large-scale southward migration, along the TibetanBurman Corridor, into an area probably densely populated by the Austro-Asiatic and possibly the Diac and Hmong-Mien populations, three groups that were native in south (Wang 1994) . This is consistent with the genetic evidence, based on Y-chromosome markers, that almost all TB populations share a high frequency of M122-C and an extremely high frequency of M134-deletion, which was derived from M122-C (Su et al. 2000b) . What remains to be further revealed is the genetic consequence of the admixture of the populations that were at least partially differentiated in terms of their allele frequency distributions.
In this study, we analyzed 10 Y-chromosome SNP markers in 965 individuals from 23 TB populations, as well as sequence variations in the mtDNA HVS-1 region and a set of diagnostic variants in the coding region of mtDNA in 754 individuals from 21 TB populations. We show that unequal contributions of male and female lineages from the parental populations-that is, the northern immigrants and southern native groupsplayed a significant role in shaping the gene pool of the extant southern TB populations.
Material and Methods

Samples
Blood samples of 622 unrelated anonymous individuals from 15 TB populations were collected in the Yunnan, Qinghai, and Hunan provinces of China. Genomic DNA was extracted by the phenol-chloroform method. The additional data were obtained from published reports on the Y chromosome (Su et al. 1999 (Su et al. , 2000b Qian et al. 2000; Karafet et al. 2001 ) and on mtDNA variation (Qian et al. 2001; Yao et al. 2002a Yao et al. , 2002b . These led to the final sample sizes for analysis, expanding them to 965 individuals (23 TB populations) for the Y chromosome and 754 individuals (21 TB populations) for mtDNA. These samples encompass most of the TB populations in China. Throughout this article, we refer the TB populations (not including Tibetans) in Yunnan, Sichuan, and Hunan as "southern Tibeto-Burmans" (STBs).
In addition, we used Y-chromosome data from 4 Austro-Asiatic-, 30 Daic-, and 23 Hmong-Mien-speaking populations and from 17 northern Han populations (Su et al. 1999 (Su et al. , 2000a (Su et al. , 2000b Karafet et al. 2001; L.J., unpublished data) , as well as mtDNA data from 4 AustroAsiatic-, 12 Daic-, 12 Hmong-Mien-speaking populations and from 10 northern Han populations (Kolman et al. 1996; Qian et al. 2001; Yao et al. 2000 Yao et al. , 2002a Yao et al. , 2002b Yao et al. , 2002c L.J., unpublished data) . The detailed information on the populations studied, including their linguistic affinities, geographic distribution, and data sources, are given in table 1 and figure 1.
Y-Chromosome Markers
Ten biallelic Y-chromosome markers-YAP, M15, M130, M89, M9, M122, M134, M119, M95, and M45-were typed by PCR-RFLP methods (Su et al. 2000b) . These markers are highly informative in East Asians and define 10 haplogroups, following the Y Chromosome Consortium (2002) nomenclature.
mtDNA Markers
The HVS-1 region of mtDNA was amplified by primers L15974 and H16488 (Yao et al. 2002a) . Purified PCR products were sequenced using the BigDye terminator cycle sequencing kit and an ABI 3100 genetic analyzer (Applied Biosystems). Primers were designed for amplifying multiple fragments that contain haplogroup diagnostic polymorphisms in the coding regions. PCR products were then digested by restriction enzymes: 10397 AluI, 5176 AluI, 4831 HhaI, 13259 HincII, 663 HaeIII, 12406 HpaI, and 9820 HinfI (Kivisild et al. 2002; Yao et al. 2002a) . Primer sequences and PCR-RFLP conditions are available from L.J. on request. Both the HVS-1 motif and the coding region variations were used to infer haplogroups according to the classification of Kivisild et al. (2002) . The HVS-1 sequences of 496 individuals from 14 TB populations have been submitted to GenBank (accession numbers AY397784-AY398279).
Data Analysis
Principal-component analysis (PCA) was conducted using mtDNA and Y-chromosome haplogroup frequen- cies and SPSS10.0 software (SPSS). Results of PCA are presented by the plots of the first two PCs, which together account for 65.8% of the Y-chromosome and 51.0% of the mtDNA variation in these populations. The genetic structure of populations was investigated by the analysis-of-molecular-variance approach (AMOVA [Excoffier et al. 1992 (Wang 2003) software was used to estimate the level of admixture of southern and northern groups in the STB populations, using the methods of Bertorelle and Excoffier (1998) (hereafter referred to as "BE") and Roberts and Hiorns (1965) (hereafter referred to as "RH"), respectively. These two estimators are less biased for single-locus data, as indicated by the simulation results of Wang (2003) . The selection of parental populations is critical for appropriate estimation of admixture proportions (Chakraborty 1986 , Sans et al. 1997 ), and we paid special attention to make them as unbiased as possible by using large data sets across East Asia and by taking historical records into account.
In this analysis, the average haplogroup frequencies (for Y-chromosome or mtDNA markers, respectively) of Tibetan (arithmetic mean of Tibetan populations in Tibet, Qinghai, and northwestern Yunnan) and northern Han populations were taken for the northern parental population (northern East Asians [NEAs]), and the average haplogroup frequencies of Austro-Asiatic, Daic, and Hmong-Mien were taken for the southern parental population (southern East Asians [SEAs]).
Results
Distribution of Y-Chromosome and mtDNA Haplogroups
The Y-chromosome haplogroup frequency distributions of the TB populations are presented in table 2. Almost all TB populations, except for the Naxi and Pumi, showed high frequencies of O3* and O3e haplogroups, both carrying the M122-C mutation (haplogroup frequencies ranging from 20% to 86% with an average of 39.5% in TBs and 40.7% in STBs), as previously observed by Su et al. (2000b) . The YAPϩ hap- Lahu1  13  2  4  2  2  2  1  Lahu2  15  1  3  5  1  3  2  Yi3  18  2  1  6  5  3  1  Tujia1  68  10  2  7  20  18  5  6  Tujia2  38  2  1  9  15  4  6  1  Tujia3  49  12  1  4  15  11  4  2  Total  964  81  132  46  52  171  141  232  30  61  18 logroups D* and D1, which are highly frequent in the Tibetan and Japanese populations, are prevalent in some populations in northwestern Yunnan (38% in the Naxi and 70.2% in the Pumi versus 15.7% in TBs and 9.8% in STBs). In contrast, haplogroups O1-M119 and O2a-M95, which are prevalent in SEAs but very rare in the north (Su et al. 1999; Karafet et al. 2001) , were found in most of the TB populations, but at low frequencies (average 10.5% in TBs and 12.9% in STBs), except in the Naxi, which has high frequency of O2a-M95. However, haplogroups F*-M89 and P*-M45, which are predominant in Central Asia and northeastern Asia, were found in only some of the TB populations, at low frequencies (6.7% in TBs and 6.1% in STBs), except for F*-M89 in Yi2 (38%) and Lahu1 (31%). In general, the distribution of Y-chromosome haplogroups in the TB populations is more similar to that in the NEAs than it is to their southern neighbors such as the Austro-Asiatic, Daic, and Hmong-Mien. In contrast, the distribution of mtDNA haplogroups in the TB populations is more complex. Almost all (sub)haplogroups found in East Asia are present in the TB populations (table 3) . A (11%), B (12%), D (18%), F (20%), and M* (18%) are the predominant haplogroups in the TB populations, accounting for 77.6% and 77.7% of the total mtDNA lineages in TBs and STBs, respectively. In particular, haplogroup D is highly frequent in most TB populations, whereas the others show differential distributions across geographic regions. Frequencies of A and M* are higher in Qinghai (A, 21%; M*, 36%) and northwestern Yunnan (A, 14%; M*, 22%) than in southern Yunnan (A, 5%; M*, 12%) and Hunan (A, 9%; M*, 4%). Haplogroup A is one of the more prevalent mtDNA haplogroups in NEAs and Siberians (Kivisild et al. 2002) , whereas M* might be a mixture of several M lineages whose specific subhaplogrouping is yet to be ascertained. On the basis of the north-tosouth decrease in its frequencies, most of the TB M* mtDNAs might belong to a single unknown lineage. Haplogroup B and F are prevalent in Southeast Asia (Kivisild et al. 2002; Yao et al. 2002a ). In the TB populations, these two lineages (B and F) are more frequent in southern Yunnan (B, 18%; F, 30%) and Hunan (B, 17%; F, 21%) than in Hingham (B, 2%; F, 6%) and northwest Yunnan (B, 10%; F, 15%).
Population Clustering as Revealed by PCA
The result of PCA of Y-chromosome haplogroup frequencies is presented in figure 2 . NEAs (northern Han and Tibetans) and SEAs (Austro-Asiatic, Daic, and Hmong-Mien populations) show significantly different However, PCA results of mtDNA haplogroups showed a different picture ( fig. 3 ). SEAs and NEAs are still separated by PC2, but the distribution of the STB populations is more scattered into both the southern and northern groups. This observation with mtDNA is also consistent with the admixed nature of these populations, with contributions from both NEAs and SEAs.
Evaluation of Hierarchical Structure, using AMOVA
AMOVA was employed to evaluate genetic differentiation between STBs and other East Asian populations and to examine genetic structure within the STB group (table 4) . For the Y chromosome, the F ct (between-group divergence) between STBs and SEAs is significant ( ), whereas the divergence between STBs and P p .002 northern populations (NEAs) is not ( ). The F ct P p .221 between the STBs and SEAs is 110 times as high as that between the STBs and NEAs (0.029 versus 0.002), indicating that the STBs bear a stronger similarity in their parental lineages to the NEAs than to the SEAs. However, the F ct values of STB/north and STB/south are both significant and almost equal those for mtDNA (0.005 versus 0.007; P values .003 and !.001, respectively), which reflects a similar level of divergence between the STB and the two East Asian groups. In the TB populations, between-population divergence (F st ) for the Y chromosome is about twofold higher than that of mtDNA (0.115 vs. 0.057), suggesting a more extensive between-population differentiation in female lineages than in their male counterparts in the patrilocal popu- lations. This is consistent with previous observations in global populations (Seielstad et al. 1998) , although the extent of contrast is less drastic in the TBs. In the STB populations-except for the Nu and Naxi, in which both Y-chromosome and mtDNA data are available-the contribution of SEAs is higher in the female lineages than in the male lineages ( the northern immigrants made more of a contribution to the male lineages (∼61.9%) than to the female lineages (∼44.5%). However, it is important to point out that the bias of male and female contributions is likely underestimated and will be discussed in the next section. The skewed distributions of Y-chromosome haplotypes in the Nu and Naxi (i.e., the extremely high frequency of O3e-M134 in the Nu and of O2a-M95 in the Naxi), probably due to strong bottleneck events, may explain the exceptional trend of their admixture estimates.
Estimation of Admixture in STBs
Conclusions and Discussion
By examining the haplotype group distributions of Ychromosome and mtDNA markers and their principle components, we have shown that the genetic structure of the extant STB populations was primarily shaped by two parental groups: northern immigrants and native southerners (tables 2 and 3). Significant divergence has developed between the STBs and their parental populations for mtDNA and between the STBs and the southern natives for the Y chromosome, whereas the difference between the STBs and the northern immigrants remains insignificant (table 4) . Furthermore, we showed that the admixture has a bias between male and female lineages, since, in the extant STBs, there is a stronger influence of northern immigrants on the male lineages, and the southern natives contribute more extensively to the female lineages (table 5) . Unequal admixture proportions of males and females have been previously observed in Native Americans and African Americans (Parra et al. 1998 (Parra et al. , 2001 Bortolini et al. 1999; Mesa et al. 2000; Sans et al. 2002) . This bias was explained as being a result of "directional mating" in the last several centuries (Merriwether et al. 1997; Chakraborty 1998) , which means that the influx of genes from ancestral to hybrid populations is directional. For example, admixture in Native American populations of South America mainly involved European men and native woman, owing to the asymmetric The P values of F statistics were obtained by 3,000 permutations, under a hypothesis of no population structure.
b STB/NEA is the only comparison with an F value that is not significant; all others are statistically significant. sex ratio of European colonizers and other political reasons (Carvajal-Carmona et al. 2000; Sans 2000) .
In the STB populations, the sex-biased admixture pattern is different from that of America, not only in the extent of bias but also, probably, in the mechanism. In the admixed populations derived from American natives and European colonists, the contribution of native mtDNAs is almost 10 times higher than that of native Y chromosomes (Santos et al. 1999; Carvajal-Carmona et al. 2000) , whereas the ratio of southern native mtDNA and Y-chromosome contribution in the STB populations is only ∼1.5, which is much less drastic than that found in the present-day Native Americans. According to historical records, the southward migration of the ancestral TB populations began at ∼2,600 years BP, because of the expansion of the Qing Kingdom (Wang 1994; Cang 1997) . However, little evidence has indicated an asymmetry of the male/female ratio in the TB immigrants in historical literature. The less drastic bias between male and female lineages in the TBs may suggest that the southward migrations of the TBs likely occurred with the involvement of both sexes rather than as conquests involving expedition forces primarily consisting of male soldiers, as occurred in the American continents. Unfortunately, little description of the migration can be found in the historical record, largely because of the Sino-centric nature of the available historical literature.
The study of admixture patterns may shed light on our understanding of the historic and anthropological aspects of migrations of TB populations. For example, the variation of the admixture in different geographic regions may be associated with the variation of the time of the arrival of the immigrants and the ethnic constitution of the parental populations in the regions when admixture started to occur. According to historical records, the STB populations in southern Yunnan and Hunan (Aini, Hani, Jino, Lahu, and Tujia) were more ancient, whereas the immigration of the TBs to northwestern Yunnan (Tibetan, Lisu, Nu, and Pumi) were more recent, except for Bai, Naxi, and Yi, which were dominating native populations in Yunnan (Cang 1997) . Accordingly, the contribution of the southern natives in the TBs in northwestern Yunnan are relatively smaller, except for Naxi and Bai, than they are in southern Yunnan and Hunan (table 5) , areas dominated by the Daic, Hmong-Mien, and Austro-Asiatic populations. In fact, Tibetans are the most recent immigrants to this region (Cang 1997) , and no contribution from southern natives was observed in them in this study (data not shown). Therefore, our genetic observation is consistent with historical records of the TB populations.
The observations made in this study may also shed light on the genetic structure of the individual populations studied. For instance, the levels of admixture are very different in the Yi populations in different geographic areas, indicating high heterogeneity of this ethnic group. This is consistent with the historical and linguistic observations that Yi encompasses a number of distinctive branches. However, for the Lahu and Tujia, the levels of admixture are similar across different regional populations, suggesting a genetic homogeneity of these ethnic groups. The Naxi have the highest contribution of southern natives for mtDNA in northwestern Yunnan and for the Y chromosome in all the TBs studied. This reflects a high level of genetic input from southern populations in its history, and this has not been well recognized by historians and anthropologists.
The estimations of the levels of admixture for the Y chromosome and mtDNA may not be reliable, because of the large variances of the estimations based on a single-locus system. However, three lines of evidence indicate that our conclusions are valid. First, two different statistics were used to estimate the contribution of the SEA, and they are consistent with each other (with a correlation coefficient of 0.93 for both the Y chromosome and mtDNA). Second, the relative magnitudes of the estimations of M (1 for mtDNA and 1 for the Y chromosome) are consistent for both methods in all 14 populations in which data on both the Y chromosome and mtDNA are available. Third, the probability of observing higher contributions of female lineages than contributions of male lineages in 11 of 14 populations is 0.01, if we assume a null binomial distribution with equal male and female contribution. Furthermore, in the AMOVA analyses, the lack of significant differentiation between the STBs and their northern progenitors at the Y chromosome ( ; ) is also F p 0.002 P p .221 ct consistent with this conclusion.
It should also be noted that the estimated frequencies of haplotype groups in the parental populations might not be accurate. In estimating the level of admixture of the STB populations, the frequencies of haplotype groups of the parental populations, for both the Y chromosome and mtDNA, were estimated by taking the arithmetic mean of the frequencies of haplotype groups from individual populations. We did not try to compute a weighted average by taking the population size into account, which is important but practically impossible to achieve, because of the drastic fluctuation in size during the history of these populations. However, this simple treatment should not affect the difference of the contributions of male and female lineages we observed, since any scheme of weighting would have the same impact on both male and female lineages. The extant SEA populations (one of the parental populations) may have also been affected, more so in the male lineages than in the females, by the northern immigrants (data not shown). This would lead to an even more drastic bias between males and females in the STBs. Therefore, the sex-bias admixture in the STBs may, in fact, be more pronounced than what is shown in this study (table 5) .
In conclusion, we have provided evidence for a general south/north admixture, and, more interestingly, asymmetric contributions of male and female parental lineages in the extant STB populations. The STB populations have preserved more male lineages of the northern immigrants and thus are genetically closer to the NEAs than they are to the SEAs. In contrast, more southern mtDNA lineages are in the gene pool of the extant STB populations. Although the admixture with a strong sex bias found in America is rare in other global human populations, lesser bias could be frequent, as exemplified in the STBs. 
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